Eight plant species that were believed to be resistant to mechanical inoculation with potato spindle tuber viroid (PSTV) were inoculated with virulent Agrobacterium tumefaciens strains the recombinant Ti plasmids of which contained infectious dsDNA copies of PSTV. PSTV-related RNAs (including its circular and linear forms) were detected in galls and roots of the six species which developed crown galls; those which did not (Zea mays and Phaseolus vulgaris) did not contain detectable levels of PSTV-related RNA. None of the eight species contained detectable PSTV-related RNA in their foliage. Although PSTV appears to be stable and to be translocated in non-hosts, analysis of RNase-resistant dsRNA preparations from Agrobacteriuminoculated sunflower suggests that PSTV does not undergo normal RNA-directed replication. Agrobacterium-mediated inoculation of Solanum acaule accession OCH 11603 was followed by the appearance of PSTV in the foliage, suggesting that the previously reported resistance of this plant to PSTV infection is actually resistance to mechanical inoculation rather than immunity to infection.
INTRODUCTION
Viroids are single-stranded, covalently closed circular RNAs that cause transmissible diseases in several economically important crop plants (for review, see Diener, 1979) . The small size of these autonomously replicating pathogens (246 to 375 nucleotides) makes them ideal subjects for comparative sequence analysis and detailed investigations of their physicochemical properties (for review, see Riesner & Gross, 1985) . Although a detailed model of viroid structure in vitro is now available (Riesner, 1987) , only generalized schemes for their replication have been proposed (Branch & Robertson, 1984; Hutchins et al., 1985) . Evidence that viroids do not code for proteins (Riesner & Gross, 1985) suggests that the biological properties of viroids are due to direct viroid/host interaction, but very little is known about the molecular mechanisms that control symptom induction and host range. Shewmaker et al. (1985) have analysed cauliflower mosaic virus (CaMV) gene function in the absence of a complete viral replication cycle after Agrobacterium tumefaciens-mediated insertion of full-length CaMV DNAs into host plant genomes. Although virus hosts generally showed higher transcript levels than non-hosts, the absolute and relative levels of the two predicted RNA transcripts varied widely among the seven plant species examined. One transcript was quite abundant in two of the non-hosts tested. have shown that full-length cDNA copies of potato spindle tuber viroid (PSTV) present in crown gall cells are able to initiate systemic PSTV infections in tomato. PSTV cDNA infectivities were similar to those measured by inoculating leaves with either purified plasmid DNA (e.g. Cress et aL, 1983) or in vitro RNA transcripts (e.g. Tabler & S~inger, 1985) , and PSTV replication appeared to be blocked in the one non-host species tested (turnip). In this 0000-8066 © 1988 SGM study, we have attempted to define the nature of this block in PSTV replication by comparing the results of Agrobacterium-mediated inoculation of several host and non-host species with those obtained by mechanical and graft inoculation. METHODS 
DNA constructions.
Construction of A. tumefaciens octopine plasmid pTiA6 derivatives that contain PSTV cDNAs and their maintenance in the virulent Agrobacterium strain A722 were described by . The structures of the four constructs used in this study are shown in Fig. 2 . Three of the constructs (pCGN160a, pCGN160b and pCGN161b) contain the CaMV 35S promoter (Odell et al., 1985) .
Full-length PSTV cDNAs with BamHI termini (Cress et al., 1983) were transferred into either the replicative form of bacteriophage M13mp9 (Messing, 1983) or plasmids pSP64 and pSP65 (Promega Biotec, Madison, Wis., U.S.A.) to provide templates for the synthesis of ssDNA (Barker et al., 1985) and RNA hybridization probes (Melton et al., 1984) .
Growth, inoculation and evaluation of potential hosts of PSTV. Agrobacterium inoculations on the stems were made before the first pair of true leaves had developed, either by puncturing stems with a syringe needle filled with bacterial suspension (Shewmaker et al., 1985) or by depositing a drop of bacterial suspension on the stem and puncturing through the drop two to three times with a syringe needle. After inoculation with Agrobacterium, plants were maintained at 25 °C in growth chambers and provided with high intensity light. Although 25 °C is suboptimal for PSTV replication in tomato (S~inger & Ramm, 1975) , several of the plant species tested grew poorly at the higher temperatures (30 °C) used in the tomato bioassay.
Sunflower seedlings to be used for initiation of callus cultures were grown axenically on 0.7 ~ water agar prior to stem inoculation. Galls were removed from stems 14 to 21 days after inoculation and maintained on culture medium containing Murashige and Skoog salts, 3 ~ sucrose, 0.7~ agar and 500 mg/1 carbenicillin (adjusted to pH 5.8).
Infectivity tests on tomato (Lycopersicon esculentum cv. Rutgers) were conducted in a greenhouse at a temperature of approximately 30 °C. For mechanical inoculation, cotyledons were lightly dusted with 600-mesh carborundum before the nucleic acid inoculum in 20 mM-sodium phosphate (pH 7-0) was applied using a glass rod. Plants were monitored visually for the appearance of stunting and epinasty and by nucleic acid spot hybridization analysis of leaf extracts (Owens & Diener, 1984) . Side-and approach-grafts between tomato and sunflower were made as described by Fulton (1964) .
Isolation, electrophoresis and Northern blot analysis of plant RNAs. Total cellular nucleic acid was isolated from lyophilized gall or plant tissue using the guanidinium isothiocyanate/hot phenol method of Maniatis et al. (1982) . Tissue was powdered in liquid nitrogen before extraction, carbohydrates were removed by extraction with 2-methoxyethanol and RNA was precipitated as the cetyltrimethylammonium salt (Owens & Diener, 1984) . RNA preparations were treated with RNase A in the presence of 0.36 M-NaC1 to destroy PSTV-related ssRNA as described by Owens & Diener (1982) . RNase was inactivated by digestion with proteinase K and phenolchloroform extraction before recovery of RNase-resistant nucleic acids by ethanol precipitation (Maniatis et al., 1982) . Poly(A)-containing RNA was prepared by elution from Hybond-mAP paper according to a protocol supplied by the manufacturer (Amersham).
Purified RNAs and appropriate DNA or RNA markers were denatured by glyoxalation in the presence of dimethylsulphoxide (McMaster & Carmichael, 1977) and fractionated by electrophoresis in 1 ~ agarose gels containing 10 raM-sodium phosphate pH 7.0. Alternatively, RNase-resistant RNAs isolated by the method of Owens & Diener (1982) were denatured by heating at 100 °C in the presence of 50~ formamide before electrophoresis at 50 °C in 5~ polyacrylamide gels containing 8 M-urea and TBE (89 mM-Tris, 89 raM-boric acid, 2.5 mM-EDTA pH 8.3). Nucleic acids were transferred unidirectionally from agarose gels onto nitrocellulose membranes (Maniatis et al., 1982) or electroblotted from polyacrylamide gels onto nylon membranes (Nytran, Schleicher & Schuell) in TBE. Nitrocellulose membranes were baked at 80 °C in vacuo for 30 to 120 rain and stored dry.
Prehybridization and hybridization conditions for both Northern and nucleic acid spot hybridization analyses were slightly modified from those described by Owens & Diener (1984) . For nucleic acid spot hybridizations, 32p. labelled probes were used at concentrations of 3 x 105 c.p.m./ml or more and DNA :RNA and RNA :RNA hybridizations were carried out at 55 and 65 °C, respectively. Membranes were washed once at room temperature .with 2 x SSC (SSC is 0.15 M-NaCI and 0-015 vi-trisodium citrate) and twice at 55 °C with 0.2 x SSC, 0.2% SDS. Membranes incubated with 32P-labelled ssRNA probes were treated with 1 ~g/ml RNase A in 2 x SSC for 15 min at room temperature to eliminate the non-specific background radiation due to unhybridized probe and washed at 73 °C in 0.1 x SSC, 0-1 ~ SDS after treatment with RNase A to assure maximum strand specificity.
Southern analysis of bacterial andplant DNAs. Total cellular DNA was prepared from overnight cultures of A. tumefaciens or lyophilized plant tissue as previously described (Dhaese et al., 1979; Murray & Thompson, 1980) . Electrophoresis of BamHI-digested DNAs on 1 ~ agarose gels and unidirectional transfer to nitrocellulose were as described by Maniatis et al. (1982) . Subsequent hybridization analysis was as described above. Agrobacterium pCGN 160a. Total nucleic acids isolated from either turnip (lanes 1 to 7) or tomato (lanes 9 to 16) galls were processed in one of four ways: incubation with 1 gg pancreatic RNase (lanes 1 and 9) or 3 units pancreatic DNase (lanes 3, 11 and 12) for 30 min at 37 °C, no treatment (lanes 2 and 10), or fractionation on Hybond-mAP paper (lanes 4 to 7 and 13 to 16). Northern blots of glyoxalated nucleic acids fractionated in 1-5~0 agarose gels were probed with a full-length [azp] RNA probe specific for PSTV 'plus' strands. Samples in lanes 1 to 3 and 9 to 12 contained 5 ~tg total nucleic acids; recombinant plasmid DNA (1 ng 
RESULTS

Characterization of PSTV-related RNAs in host and non-host species
Northern blot analysis of RNA extracted from both host (tomato) and non-host (turnip) species confirmed the presence of PSTV 'plus' strands in crown galls incited by A. tumefaciens pCGN160a (Fig. 1) . Although incubation of thesenucleic acid preparations with DNase I did not abolish their ability to hybridize with PSTV-specific probes, incubation with RNase at low ionic strength virtually eliminated the hybridization signal (compare lanes 1 to 3 and 9 to 11). The majority of the PSTV-related nucleic acid present in galls must, therefore, be RNA; indeed, electrophoresis in the presence of 8M-urea revealed the presence of both the circular and linear forms of PSTV (data not shown).
Oligo(dT)-cellulose chromatography of total nucleic acid preparations from galls incited by pCGN 160a revealed that very little of the larger PSTV-related RNA was polyadenylated. No large PSTV-related RNA species such as the 2000 nucleotide polyadenylated transcript predicted to initiate at the CaMV 35S promoter and terminate within the tml region of the T-DNA (see Fig. 2 and 2 summarizes the results from a subsequent, more complex experiment in which a host (tomato) and two reported non-hosts (turnip and sunflower) were inoculated with Agrobacterium strains containing various PSTV cDNA constructs. Strand-specific analysis of nucleic acids extracted from different portions of these plants revealed substantial differences between both the concentrations and distributions of PSTV-related RNAs (Fig. 3) . In general, the amount of PSTV-related RNA detected increased with the number of tandem repeats of PSTV cDNA present.
A monomeric PSTV cDNA construct whose orientation would be expected to yield PSTV 'minus' strand transcripts (pCGN160b) produced 'minus' strands in both tomato and turnip galls, but only tomato galls contained detectable 'plus' strand sequences (Fig. 3, compare lanes 6,  7, 15 and 16) . Comparison of lanes 4 and 8 shows that full-length PSTV 'plus' strand RNA was present in turnip galls incited by pCGN160a but not those incited by pCGN161b, a construct that is more infectious than pCGN160a in tomato (Gardner et al., 1986). Although sunflower is not known to be a host of PSTV (see Diener & Hadidi, 1977) , PSTV 'plus' strands were found in both galls and roots from plants inoculated with pCGN163a (Fig. 2) .
To determine whether the concentration of infectious PSTV was related to the level of PSTV 'plus' strand RNA detected by nucleic acid hybridization, the infectivities of various nucleic acid preparations were assessed (Table 1) . Although some nucleic acid preparations did not contain detectable levels of PSTV-related RNA by dot blot or Northern blot analysis, they were weakly infectious. Comparison of data presented in Fig. 2 * Total nucleic acid preparations (20 gg/ml) were incubated with 10 units DNase I for 2 h at 37 °C, extracted with phenol-chloroform, and precipitated with ethanol. Serial tenfold dilutions in water were then made. Initial dilutions contained the equivalent of 2 p.g DNase-treated nucleic acid in 10 btl. Two 5 ~tl aliquots from the various dilutions were used to inoculate each of four tomato seedlings. Thirty days after inoculation, samples from the young foliage were tested for the presence of PSTV by nucleic acid spot hybridization.
PSTV persistence in non-host species
t Number of infected plants/total number of plants inoculated. L.F. SALAZAR AND OTHERS Fig. 4 ).
Accumulation of PSTV 'plus' strands was also measured in several other reported non-host species following Agrobacterium-mediated inoculation with pCGN 163a. With the exception of Phaseolus vulgaris and Zea mays (two species which did not form galls), the distributions of PSTV-related nucleic acids in the various non-host species (Table 2) resembled that first found in sunflower. Both galls and roots contained detectable concentrations of PSTV 'plus' strands. Among those species tested, only Solanum acaule accession OCHl1603 contained detectable PSTV in the foliage. The absence of PSTV from the tops of turnips and sunflower plants suggested that PSTV transport and/or replication within them must be limited.
Distribution of PSTV-related RNA in the sunflower
The distribution of PSTV 'plus' strands in non-host species following Agrobacterium-mediated inoculation (Fig. 2) is quite different from the pattern observed in tomato where PSTV reaches its highest concentration in the shoot apex and young leaves (Palukaitis, 1987) . In a more detailed experiment sunflower seedlings were grown for 30 days after Agrobacterium-mediated inoculation with one of the three most infectious PSTV cDNA constructs (pCGN160a, pCGN161b or pCGN163a). Seedlings were then divided into eight segments, and the tissue samples were lyophilized. The concentration of PSTV 'plus' strand RNA in each segment was estimated by dot blot hybridization analysis of total nucleic acid preparations.
The resulting data (Table 3) indicate that the concentration of PSTV 'plus' strands was higher in galls and roots from plants inoculated with pCGN163a than in roots from plants inoculated with the less infectious pCGN161b or pCGN160a construct. Within the sunflower stems, the concentration of PSTV 'plus' strands appeared to decrease as the distance from the site of inoculation increased. Electrophoretic analysis of nucleic acids isolated from sunflower galls revealed the presence of both circular and linear forms of PSTV (Fig. 4) . 
P S T V transport in non-hosts
Circular PSTV is the end product of conventional viroid replication, and its presence in nonhost tissues might mean that Agrobacterium-mediated inoculation has overcome an unidentified barrier to RNA-dependent replication. A second possible source of the circular PSTV molecules extracted from gall tissues is cleavage/ligation of polyadenylated R N A s transcribed from integrated T -D N A (see Fig. 2 ). Because the Agrobacterium strains used as inocula also contained detectable amounts of linear PSTV (see Fig. 4 , lane 1), cleavage/ligation of bacterial R N A transcripts provides yet another potential source of circular PSTV. We wondered, therefore, whether PSTV is capable of translocation within the vascular system of a non-host and whether Ti plasmid D N A is also present in the roots.
In an attempt to detect PSTV transport in the vascular system of a non-host, sunflower seedlings were inoculated with the intermediate strain of PSTV (Gross et al., 1978) , either mechanically or by side-and approach-grafts with infected tomatoes. One month later, inoculated leaves, shoot tips and roots were tested for the presence of PSTV by dot blot hybridization. Although mechanically inoculated and side-grafted sunflowers did not contain detectable levels of PSTV, two of the three approach-grafted plants contained small amounts of PSTV in the roots (results not shown). Passive translocation of PSTV appears possible as long as there is a continuous 'external' supply of viroid. PSTV transfer may also have occurred in sidegrafted plants, but early scion death would have prevented its accumulation to detectable levels. L.F. SALAZAR AND OTHERS Because the concentrations of PSTV 'plus' strand RNA in sunflower galls (which contain free-living Agrobacterium cells) and roots were similar (see Fig. 2 and Table 3), the roots of pCGN163a-inoculated plants were checked for the presence of PSTV cDNA. Total cellular DNA was purified from Agrobacterium cells containing plasmid pCGN163a as well as from the corresponding sunflower galls and roots. It was then treated exhaustively with pancreatic RNase, and digested with BamHI. After electrophoresis and unidirectional transfer to a Nytran membrane, DNA fragments containing PSTV-specific sequences were visualized by hybridization with a probe specific for PSTV 'plus' strands. These Southern analyses revealed that the roots of inoculated sunflowers contain double-stranded PSTV cDNA (data not shown). The role of conventional RNA-dependent viroid replication in the observed accumulation of PSTV remained to be determined. Owens & Diener (1982) have shown that incubation of RNA extracted from PSTV-infected tomatoes with RNase A in:the presence of high salt concentrations allows the isolation of PSTV dsRNAs that are essentially free of contaminating single-stranded PSTV. This procedure was applied to nucleic acid samples from sunflowers inoculated with Agrobacterium pCGN 163a, and the RNase-resistant fraction was denatured by heating in the presence of 50 ~ formamide before electrophoresis in the presence of 8 M-urea to resolve single-and double-stranded PSTV RNA species. To ensure that putative PSTV dsRNAs actually contained both 'plus' and 'minus' strands, two strand-specific probes were used in the Northern hybridization analysis.
Search for PSTV replicative intermediates in sunflower
The data presented in Fig. 4 clearly demonstrate the presence of PSTV dsRNA in galls (lanes 6 and 12) and leaves (lanes 7 and 13) of infected tomatoes, but neither callus from sunflower galls incited by pCGN163a (lanes 5 and 11) nor Agrobacterium pCGN163a cells (lanes 4 and 10) contained detectable amounts of PSTV dsRNA. The clear areas present in lanes 13 to 14 at the positions occupied by the circular and linear 'plus' strands have been attributed to localized interference by PSTV 'plus' strands with the hybridization of the 'minus' strand probe to its target (Branch & Robertson, 1984; Hutchins et al., 1985) . Multimeric 'minus' strands that migrate more slowly than the linear 'plus' strand marker are visible in lanes 13 and 14. As previously observed (Owens & Diener, 1982) , the PSTV 'minus' strands appeared to be more sensitive to nicking during the RNase treatment than the 'plus' strands.
The nucleic acid preparations from PSTV-infected tomato leaves and sunflower callus were analysed by nucleic acid spot hybridization before digestion with RNase in order to equalize the amount of single-stranded PSTV in each sample. We therefore expected to find comparable amounts of double-stranded replicative intermediates in sunflower if PSTV could replicate independently there. The apparent absence of double-stranded PSTV RNA in sunflower callus strongly suggests that sunflower cannot support PSTV replication.
Reaction of S. acaule 0CHl1603 to inoculation with PSTV S. acaule
OCHl1603 is resistant to PSTV infection following mechanical inoculation (Anonymous, 1983) , but systemic PSTV replication did follow Agrobacterium-mediated inoculation (Table 2) . Because resistant and susceptible individuals can be selected from this particular breeding line (E.C. Ochoa, personal communication), we generated five sets of clonally derived plants using stem cuttings of seedlings from the original S, acaule accession OCHl1603. Plants from four of these clones were inoculated (either mechanically, with Agrobacterium pCGN160a or pCGN163a, or by side-grafting to PSTV-infected tomatoes) and, i and 2 months later, expanding leaves from the tips of inoculated plants were tested for the presence of PSTV. Results of the nucleic acid spot hybridization assays are summarized in Table 4 .
Although none of the 12 mechanically inoculated plants became infected with PSTV, plants from at least three of the four clones were infected by Agrobacterium-mediated inoculation, grafting, or both. Furthermore, PSTV dsRNA was detected in the foliage of these plants (see Fig. 4 ). The previously described resistance of S. acaule OCH11603 to PSTV infection clearly seems to involve a resistance to mechanical inoculation rather than an inability to support PSTV replication. (1981) has summarized our limited knowledge of the factors which control the occurrence and distribution of plant viruses. Studies using a relatively small proportion of potential angiosperm host-virus combinations and conventional procedures suggest that the host ranges of small RNA viruses seem to be determined by the viral RNA rather than the protein coat (Hiebert et al., 1968) . Mesophyll protoplasts, on the other hand, may be readily infected with viruses that give little or no infection when applied to intact leaves (Huber et al., 1977; Beier et al., 1977 Beier et al., , 1979 .
Genetic studies of the host's response to viral infection indicate that most (but not all) resistance genes are inherited in a Mendelian fashion. Because the route of infection may dramatically affect the host response observed, the experimental ambiguities inherent in mechanical inoculation have prevented identification of the molecular mechanisms responsible for host resistance. As a result, the concept of host immunity to plant virus infection lacks a firm experimental foundation.
In the present study, Agrobacterium-mediated inoculation of turnip or sunflower seedlings with infectious PSTV cDNAs was not followed by systemic viroid replication (i.e. no PSTV could be detected in their foliage). Three of four plasmid derivatives tested (pCGN160a, pCGN161b and pCGN163a) were highly infectious when tomato was inoculated . Nucleic acid spot hybridization and Northern analysis of nucleic acids extracted from inoculated non-hosts clearly demonstrated the presence of PSTV-related RNAs in both galls and roots and that significant transcription of PSTV cDNA in transformed plant cells occurs under the direction of the CaMV 35S promoter (Fig. 1, 2, 3 ; see also Gardner & Knauf, 1986) . Infectivity trials indicated that even the low levels of PSTV-related RNA present in such plasmid-non-host combinations as pCGN161b-turnip contained some infectious PSTV.
With the exception of S. acaule accession OCHl1603, Agrobacterium-mediated PSTV synthesis in the non-host species tested does not appear to involve conventional RNA-directed RNA replication. PSTV accumulation in callus derived from sunflower seedlings inoculated with pCGN163a was not accompanied by the appearance of PSTV dsRNA. Grafting experiments showed that PSTV can be passively transported in the vascular system of the sunflower, and such transport is probably the primary factor responsible for the observed distribution of PSTV-related RNAs. PSTV accumulation in sunflower roots was accompanied by the appearance of double-stranded PSTV cDNA, suggesting that an unknown proportion of the PSTV could have been synthesized by transcription from PSTV cDNA in the roots themselves. Other evidence for the mobility of Agrobacterium within the vascular system has been reviewed by Turgeon (1982) .
Our studies indicate that inoculation with virulent Agrobacterium strains carrying potentially infectious cDNAs can be useful in host range studies to distinguish between true immunity and resistance to mechanical inoculation. Agrobacterium-mediated inoculation of S. acaule accession OCH11603 with PSTV cDNA showed that its previously described resistance to PSTV infection (Anonymous, 1983 ) is actually resistance to mechanical inoculation (i.e. field resistance). The ultimate susceptibility of Solanum germplasm accessions to infection by PSTV is not unexpected in light of its wide host range among solanaceous species (Diener & Hadidi, 1977) , and Singh (1985) has reported the presence of similar resistance in clones of S. berthaultii. Maize streak virus is not mechanically transmissible, but Grimsley et al. (1987) have reported that Agrobacterium-mediated delivery of a tandem dimer of viral DNA was followed by systemic virus replication.
Potentially infectious PSTV cDNAs can also be inserted into disarmed Agrobacterium strains and used to produce transgenic plants that may be more suitable for molecular studies of viroid replication and pathogenesis than those used in this study. We are currently using both approaches in our efforts to determine which steps of PSTV replication are blocked by certain site-specific mutations in PSTV cDNAs (Hammond & Owens, 1987) . With either approach, it will be important to distinguish unequivocally between persistence of RNAs transcribed from recombinant T-DNA templates and bona fide viroid replication.
